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The electron tunneling study was carried out on Bi,Sr,CaCu,O; with use of the
scanning tunneling microscope. Both the cleaved and lateral surface of single crystal
were investigated. The electronic density of states for the superconducting phase was
correctly obtained at the lateral surface. It shows the finite gap on the whole Fermi sur-
face clearly, while the gap has a considerable anisotropy. The temperature depend-
ence of the magnetic field penetration depth was also measured and its thermally acti-
vated behavior confirmed the finite gap again. These results indicate the large s-wave
component in the pair wave function and the fair contribution of d-wave as well. The
attractive force between electrons is not only due to the on-site interaction, but also

the extended one.
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§1. Introduction

Since the discovery of high transition
temperature T. superconductivity in
La,-,Ba,CuO,,” cuprate superconducting
oxides with higher T, have been found in suc-
cession. A lot of interests have been taken in
the origin of extremely high transition temper-
ature. The mechanism of superconductivity is
explained by the BCS theory? in conventional
superconductors, in which electron pairs so-
called Cooper pairs formed through the attrac-
tive force mediated by the electron-phonon in-
teraction play an essential role. According to
the BCS theory, T. is given in the weak-
coupling limit as

kT.=hwpexp (—1/N@0)V), 0))

where wp is the Debye frequency, N(0) is the
electronic density of states at the Fermi level
and V is the strength of the attractive interac-
tion due to the electron-phonon interaction.
For strong-coupling superconductors,
McMillan predicted that T is at most 40 K.Y
Observed T. in cuprate superconductors is
much higher beyond such a prediction. Other
pairing mechanism than the attractive force
mediated by phonon is expected.

The symmetry of the pair wave function is
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directly connected with the symmetry of the at-
tractive force. The Cooper pair in the BCS su-
perconductor is of the spin singlet state and
the orbital part of the pair wave function has
the s-wave symmetry. In investigating the ori-
gin of the attractive force, it is important to
clarify the symmetry of the pair wave func-
tion. In the NMR measurement,” the Knight
shift was observed to decrease rapidly below
T., and indicated that the electron pair is also
of the spin singlet state in cuprate supercon-
ductors as well. Accordingly the symmetry
with even parity, e.g. s and d-wave, is allowed
for the pair wave function.

In cuprate superconductors, metallic con-
duction is mainly born by holes doped in
oxygen 2p, orbital, strongly hybridized with
Cu 3dy2—,2,” within the Cu-O layer. The on-
site Coulomb interaction V¢ on Cu site is
strong (Vc~6¢eV)>® and the nearly half filled
band favors that localized spins at Cu site are
arranged in anti-ferromagnetic order. In this
strong correlation system, it is suspected to be
difficult to form electron (hole) pairs by the
on-site attractive force, which is presumably
cancelled out by the large Coulomb repulsive
force. The attractive interaction with the d-
wave symmetry would be a possible candidate
for the origin of superconductivity in such a
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strong correlation system. In the heavy fer-
mion system with the strong correlation, the
temperature dependence of nuclear spin-
lattice relaxation rate 1/7;,” specific heat®
and magnetic field penetration depth” suggest
a gapless nature. It is considered that the d-
wave symmetry paring is realized. In cuprate
superconductors as well, the temperature
dependence of 1/ T; showing a gapless nature
was reported ¥ for YBa,Cu;0-; the enhance-
ment just below T, (coherence peak) was not
found and the temperature dependence below
T. follows the power law. On the other hand,
the temperature dependence of the penetra-
tion depth A(T) of YBa,Cu;0,'? is well fitted
by the BCS local limit equation and suggests
the s-wave pairing. In such a present controver-
sial situation, it is very important to clarify the
pairing symmetry closely connected with the
origin of the attractive force.

In this article, the electron tunneling spec-
troscopic investigation on single crystals of
Bi, Sr,CaCu,0; with use of Scanning Tunnel-
ing Microscope (STM) is described. The pur-
pose of this study is to clarify the mechanism
of high-T. superconductivity, particularly the
symmetry of the pair wave function from the
electronic density of states in the superconduct-
ing phase. In addition, the temperature depen-
dence of the penetration depth was also investi-
gated to confirm the result of the tunneling
spectroscopy. In §2, the background of this
study is briefly described. The tunneling spec-
troscopic measurement was performed both at
the cleaved and lateral surface of single crys-
tal. Both results are described in §4.1 and
§4.2, respectively. The result of the tempera-
ture dependence of the penetration depth is de-
scribed in §4.3. The symmetry of the pair wave
function is discussed in §5.

§2. Tunneling Spectroscopy and High-T
Superconductor

2.1 Tunneling spectroscopy with STM

The electron tunneling spectroscopic
method is the most direct method for investiga-
tion of the electronic density of states. The ex-
istence of the energy gap in the superconduct-
ing ground state predicted by the BCS theory
has been directly proven by the pioneer elec-
tron tunneling measurement.'? The evidence
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for the pairing mediated by the electron-pho-
non interaction was also provided by the tun-
neling spectroscopy.'® The electron tunneling
method is one of the most useful techniques in
investigation of the mechanism of supercon-
ductivity.

The tunnel junction method or the point-
contact method have been widely used until
the invention of STM (Scanning Tunneling
Microscope). The first STM measurement
demonstrated its usefulness in the direct obser-
vation of Si reconstructed surface in the real
space.” The STM method is based on the elec-
tron tunneling between the sample surface and
the non-contacting counter-electrode (tunnel-
ing tip). Because the tip is separated by vac-
uum from sample surface, the STM method
provides less disturbance to the electronic
state in the sample as compared with former
two methods, in which the counter-electrode
contacts directly with the sample. In the STM
the tip is approached to the sample surface
about less than 1 nm and the electron tunnel-
ing occurs through the restricted area contain-
ing a few atoms at most. Uncertainty of the
wave number is estimated as 1/a ~ kr with the
lattice constant ¢ and the Fermi wave number
kr. The wave number of tunneling electron is,
accordingly, no longer conserved in each tun-
neling process. Therefore, the tunneling cur-
rent in the STM method is given as a total sum
of every wave number components. Because
of its non-contacting tip and locality, the STM
can probe local electronic states. The structure
of Charge Density Wave (CDW) was success-
fully observed in the real space.'® The sliding
motion of CDW at the surface in Ko3Mo00;
was investigated directly.!® The observation of
the flux lattice in NbSe,'” proved that the STM
is very useful to investigate the local electronic
state for the superconducting phase.

The tunneling current 7 is most simply given
as a function of the distance d between the tip
and the sample surface as,

I=I,(V)exp (—d/do), )

where I, (V') is the characteristic current deter-
mined by the bias voltage V applied between
the tip and the sample, and the length d, is the
parameter which characterizes the extension
of electronic wave function of the tip material
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and the sample. According to above relation,
the tip distance is controlled by the tunneling
current for a constant bias voltage; with in-

“+ 0

Io(V)OCS

where N; and N; are the electronic densities of
states for the tip metal and the sample, respec-
tively. Here only the energy conservation is
considered, because the wave number is not
conserved in the STM method as described be-
fore. The tunneling matrix element denoted by
|M| is usually assumed to be independent of
the energy of tunneling electron E. If N is
constant with respect to E, we obtain the
well-known equation for absolute zero tem-
perature as

dI/d VN, (eV). )

Since the electron tunneling occurs at a re-
stricted area containing at most a few atoms
near the tip in the STM method, one can also
study the local density of states of the sample
surface with varying the tip position.

2.2 Tunneling spectroscopy on high-T. super-
conductors

A lot of electron tunneling measurements
have been done on high-7, cuprate supercon-
ductors up to the present. Reported values of
the gap parameter A4 are much larger than the
BCS prediction for the weak-coupling limit
and it is suggested that high-T7: oxides are the
strong-coupling superconductor. In early
stage of the tunneling investigation, obtained
values for 24/ kT, showed a wide scatter; La~
Sr-Cu-O (24/kT.=4.5-9),'® Y-Ba-Cu-O
(3-4),"» Nd-Ce-Cu-0O (5), Tl-Ba-Ca-Cu-O
4),?Y Bi-Sr-Ca-Cu-O (5-11).2% Recently,
high quality samples have been grown and
used for the tunneling measurement. Conse-
quently, reproducible results have been ob-
tained. As a result, the value of 24/ kT, tends
to converge; e.g. 24/ kT, is obtained reliably
about 7 for Bi-Sr-Ca-Cu-O. However, the
precise shape of the tunneling conductance
curve is still different from experiment to ex-
periment.

At present, main interest moves rather to
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creasing the tunneling current, the tip distance
becomes narrow. In the simple tunneling the-
ory, the characteristic current 7o(¥) in eq. (2)
is given as a function of the bias voltage V as

IM(E,E+eV)I>?N,(E)N,(E+eV){f(E)—f(E+eV)} dE, 3)

elucidating the mechanism of high-7, super-
conductivity than the value of 4. The phonon
structure as observed in conventional strong-
coupling superconductors was reported? in
Bi,Sr,CaCu,0s. However, the whole shape of
the tunneling conductance shows an extraordi-
nary so-called V-shape and moreover the con-
ductance in the normal phase is not observed
precisely. The claim that the attractive force is
mediated by the electron-phonon interaction
is not conclusive. Although the possibility of
the anisotropic gap was pointed out, the sym-
metry of the pair wave function was not estab-
lished yet.

The STM study has been done vigorously in
Bi-Sr-Ca-Cu-0, where the clean surface can
be obtained easily by the cleavage. The spatial
variation of the gap parameter was found.?®
The tip distance dependence of the tunneling
conductance curve obtained at the cleaved sur-
face was also reported.?’”? This suggests that
under some condition the tunneling differen-
tial conductance is no more proportional pre-
cisely to the electronic density of states for the
superconducting phase. It is worth noting that
one should examine results of the tunneling
spectroscopy on high-T; cuprate superconduc-
tors with a layered structure, with great care,
as described in §4.1.3.

2.3 Penetration depth measurement

The Meissner effect is another phenomenon
characterizing the superconducting state. The
magnetic field penetration depth A(T) is in-
versely proportional to the square root of
the number of electrons condensed in the
superconducting phase. Therefore, the temper-
ature dependence of the penetration depth is
sensitive to the quasi-particle excitation which
is directly connected with the electronic den-
sity of states in the superconducting phase
N(E). The penetration depth A(T") is given
simply as
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where f denotes the Fermi distribution func-
tion. The integral in large bracket corresponds
to the number of excited quasi-particles.

If the gap is finite everywhere on the Fermi
surface as in the case of the BCS superconduc-
tor, the finite energy is needed for the excita-
tion of quasi-particles. The temperature de-
pendence of A(T)—A(0) would be a thermal
activation type; i.e. A(T)-A(0) varies as
exp(—A4/kT) at low temperature region
(kT<«A4). On the other hand, if the gap van-
ishes somewhere on the Fermi surface, quasi-
particle can be excited with infinitesimal
energy and the power law behavior is expected
for A(T')— 1(0) instead. If A4 vanishes at points
on the Fermi surface, the electronic density of
states is proportional to E? at low energy
region. This leads to T2 dependence of A(T)
—A(0). If A vanishes along lines on the Fermi
surface, the electronic density of states propor-
tional to E leads to T-linear- dependence.
Therefore, from the temperature dependence
of the penetration depth, we can know
whether the energy gap is finite on the Fermi
surface or vanishes at points or lines.

In cuprate superconductors, the penetration
depth has been investigated by magnetization
measurements,!*32 ;4 SR measurements, %
etc. For Bi,Sr,CaCu,Q;s, Harshman et al.>®
reported that the temperature dependence of
the penetration depth is consistent with the
empirical Gorter-Casimir law from the uSR
measurement. For YBa,Cu;0, the thermal ac-
tivated behavior was reported both from the
magnetization measurement'’*® and the uSR
measurement.>® These results support that the
pair wave function is of the s-wave symmetry
in cuprate superconductors. However, Maeda
et al.*® reported T? dependence from the rf-
resonance method for Bi,Sr,CaCu,Os.

§3. Experimental

3.1 Sample

The crystal structure of Bi,Sr,CaCu,Os is
orthorhombic with ¢=0.541 nm, »=0.542 nm
and ¢=3.09nm,* as shown in Fig. 1.
Bi,Sr,CaCu,Os has a layered structure consist-

Koichi IcHIMURA and Kazushige NOMURA

(Vol. 62,

@ Bi
@ Sr
® Ca
® Cu
0o

Fig. 1. Crystal structure of Bi,Sr,CaCu,Os.

ing of Ca layer sandwiched between two Cu-
0, two Sr-0 and two Bi-O layers. Single crys-
tals of Bi,Sr,CaCu,Os were synthesized by the
floating-zone method.’® Many single crystals
were grown sticking together. After separating
them, most crystals showed cleaved surfaces
of the Bi-O layer (the a-b plane) and rough
side surfaces. In rare cases, the extremely
clean lateral surface appeared. This surface is
parallel to the a-axis and oblique in the direc-
tion of the b-axis. This lateral surface looks
grey under a optical microscope, while the
cleaved Bi-O surface is shiny. Yamanaka et
al.®” succeeded to obtain (ZZ) Raman spectra
at this lateral surface and confirmed little sur-
face disorder. The typical dimension of such a
clean lateral surface area is 0.2 X 0.2 mm?. The
sample was glued with epoxy adhesive on a
thin glass plate parallel to the a-b plane of the
crystal for the measurement at the cleaved sur-
face. For the measurement at the lateral sur-
face the thin sample was supported with small
block. A gold wire of 50 um diameter was at-
tached to the sample with silver paste for the
current lead. A fresh surface was obtained by
cleaving with use of adhesive tape immediately
before the sample was mounted on the sample
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Fig. 2. Temperature dependence of the resistivity of a
single crystal of Bi,Sr,CaCu,Og. The superconduct-
ing transition temperature T, is determined as T.=
87K from the midpoint of resistive transition.

holder of the STM unit.

Figure 2 shows the temperature dependence
of the resistivity measured with four probes
configuration after the STM measurement.
The superconducting transition temperature
T. was determined as 7.=87 K from the mid-
point of the resistive transition.

3.2 STM measurement

The main part of the STM unit consists of a
scanning tip and a tube type piezoelectric actu-
ator. The vertical position of the sample can
be adjusted coarsely by the screw which is
operable from the room temperature space.
The scanning tip is arranged to be perpendicu-
lar to the sample surface and the distance be-
tween the tip and the sample is controlled
finely by the tube actuator. The vacuum sealed
cell containing the STM unit is filled with ther-
mal exchange helium gas to achieve thermal
equilibrium and temperature is smoothly con-
trolled in this cell. The cryostat attached with
the cell is immersed directly in liquid helium.
In order to minimize the external vibration the
helium dewar is mounted on a vibration isola-
tor which is equipped with air suspensions.
The liquid nitrogen outer dewar is installed on
the floor directly. In the present study, a
mechanically sharpened thin wire of Pt was
used as the scanning tip, the density of states
of which is known to vary slowly near
the Fermi level. The sharpness of the tip was
tested by taking an STM image of graphite sur-
face at room temperature.
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The distance between the tip and the sample
surface is controlled with the voltage applied
to the z-actuator by making the tunneling cur-
rent I, constant for the constant tunneling bias
Vo prior to the voltage sweep in the spec-
troscopic measurement. During the voltage
sweep, the tip distance is kept constant by the
constant control voltage to the z-actuator. The
tunneling bias was swept in the form of a 15-
30 sec triangular wave. AC (0.5-1 kHz) modu-
lation of small amplitude (e.g. 0.5 mV peak to
peak for Bi,Sr,CaCu,0s) was superimposed
to the sweep voltage for the differential detec-
tion. The differential conductance was directly
obtained as a function of the bias voltage with
use of a lock-in amplifier.

In order to check that the sample surface is
prevented from a direct contact with the tip,
we investigated the reproducibility of the tun-
neling conductance by varying the tip distance
and changing the tip position on the sample
surface repeatedly. We confirmed that the
dI/dV—V curve at the fixed tip distance and
at the fixed position is reproduced repeatedly
even after the sweep of the tip on the sample
surface. This fact assures that the tip does not
contact with the sample surface directly, nor
damage the sample. The configuration
without direct contact indicates that the tunnel-
ing gap is mainly provided with the vacuum
gap between the tip and the sample surface.

3.3 Measurement of the penetration depth
The penetration depth of the magnetic field
is obtained from the magnetic susceptibility of
thin plate sample. We measured the magnetiza-
tion by the AC inductance method. The
mutual inductance Ly, is obtained by detect-
ing the induced electromotive force between
both ends of a pair of counterwound pick-up
coils, which is mounted inside the excitation
coil, with use of a lock-in amplifier. The sam-
ple glued on a teflon rod holder is moved verti-
cally through pick-up coils slowly (about 20
sec for one stroke), the output voltage of a
lock-in amplifier is recorded on a X-Y re-
corder. The signal from the teflon rod is
negligible as compared with that of the sam-
ple, when the sample is of the superconducting
phase. Although the magnetization M is not
uniform due to the penetration of the mag-
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netic field, here we use the term of the suscepti-
bility x as y=M/VH, where V is the volume
of the sample and H is the applied field. With
use of a dual phase lock-in amplifier we can ob-
tain the real part xy’ and the imaginary one x”
of the complex susceptibility y=yx'—ix”
simultaneously. Thin plate shaped samples
with typical dimension of 1 x 2 X 0.1 mm? were
used in the present measurement. Since the
magnetic field was applied parallel to the lon-
ger direction of the plate sample, the demag-
netization field was quite small. Since the thick-
ness of the present sample d is much small, we
assume that the magnetic field penetration per-
pendicular to the plate (parallel to the c-axis)
is dominant. The susceptibility y’ in the
superconducting phase is given as

—amy=1-2 a2 ©)
d 21
When d»A(T),
—4nx’=1—ﬁ. @)
d

Above condition is satisfied except very near
T.. By using eq. (7), the temperature depen-
dence of the penetration depth A(7T’) is ob-
tained from x’(T) as

2{x" (T)—x' (Tuin)}
d b
®

where Tmin is the lowest temperature in the
measurement.

About 1 kHz AC magnetic field of 0.1-1 G
amplitude was applied with the excitation coil.
In the range of the field amplitude of 0.1-1 G,
the imaginary part x” which corresponds to
an energy dissipation presumably by the flux
motion, could not be detected except near T
(84 K< T<89K). Additionally, the linearity
of M-H curve was also confirmed at 80 K. The
x(T) curve was identical irrespective of the
field amplitude except just below T.. These as-
sured that the external field did not exceed the
lower critical field H; in almost whole temper-
ature range in the present measurement.

A(T)=A(Tuin)=—4n
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§4. Results and Discussion

4.1 Tunneling at the cleaved surface
4.1.1 Conductance curve at 4.2 K

" A typical tunneling dI/dV—V curve at the
cleaved Bi-O surface at 4.2 K is shown in Fig.
3. The superconducting gap structure is clearly
seen as a dip of differential conductance. As
described in detail in §4.1.3, the dI/dV—V
curve obtained at the cleaved surface is no lon-
ger proportional to the electronic density of
states; the shape of the dI/dV—V curve
changes depending on the distance between
the tip and the sample surface. However, it
was confirmed empirically that for the ap-
propriate tip distance, where the conductance
at bias voltage V=150mV is about 20 nS,
dI/dV—V curves are very similar to the correct
density of states in the superconducting phase,
which is obtained by the tunneling measure-
ment at the lateral surface as discussed in §4.2
in detail. Therefore, we discuss the spatial vari-
ation and the temperature dependence of the
gap parameter with results obtained at the
cleaved surface under such a condition.

From the short coherence length estimated

as the order of a few nm,® it is expected that
the gap parameter varies within small region.
The tunneling conductance at various posi-
tions of the sample surface was investigated,
details of which are described in our previous
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Fig. 3. Typical dI/dV—V curve for the tunneling at

the cleaved Bi-O surface at 4.2 K.
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article.”® We found that the curve of
dI/dV—V varies in space. The characteristic
length of variation of A is of the order of 10
nm. Such a short range variation of the gap
parameter would be related to the short coher-
ence length a few nm and some inhomo-
geneity. Vieira et al.? also found the spatial
variation of the superconducting gap at the
sample surface of BisSr;Ca;CusOy with the
STM. Their result is qualitatively consistent
with ours. It should be noted that the spatial
variation of 4 is found commonly in different
materials. However, it is still now open prob-
lem whether such a spatial variation is essen-
tial for the mechanism of superconductivity or
not.

4.1.2 Temperature dependence of the gap

parameter

Curves of dI/dV—V obtained at various
temperature are shown in Fig. 4. Each curve
is shifted by two divisions. The tip distance
was controlled at the initial current Io=8 nA
for Vp,=150mV. At low temperature, the
superconducting energy gap structure is clear
and the conductance near zero bias voltage is
reduced to almost zero. With increasing the
temperature the midgap conductance in-
creases and the structure of the energy gap is
gradually smeared out. The superconducting
gap structure becomes vague near 7.
However, the broad dip still remains even
above T.. This broad dip disappears above
120 K. We can not determine whether this
broad dip is essential in the electronic state of
this material or not, because the tunneling con-
ductance measured at the cleaved surface
might contain an extrinsic effect as discussed
in §4.1.3 in detail. Therefore, we do not dis-
cuss the broad dip farther here.

Figure 5 shows the temperature dependence
of the gap parameter determined from the fit
of the dI/dV—V curve to eq. (9) described in
§4.2.2. In the figure, the gap parameter nor-
malized by 4(4.2 K)=26 meV is plotted as a
function of the reduced temperature T/T.
with 7.=87 K. When temperature is varied,
the small displacement of the tip position at
the sample surface is inevitable owing to the
thermal expansion of the actuator and the sam-
ple holder. In Fig. 5 all the data is plotted ir-
respective of the tip position at the sample sur-
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Fig. 4. dI/dV—V curve for the tunneling at the
cleaved surface at various temperature. The zero con-
ductance line of each curve is shifted by two divisions
for clarity.
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Fig. 5. Normalized gap parameter A4(7)/4(4.2K) as

a function of the reduced temperature T/7T, with
A4.2K)=26 meV and T,=87 K. The solid curve
shows the BCS prediction.
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face. The relatively large scatter in Fig. 5 is
partly due to the position dependent A4 value
as discussed in §4.1.1. The gap parameter is
almost constant at low temperature, and tends
to decrease with increasing temperature. The
solid line represents the BCS prediction of
the isotropic gap with 4(4.2 K)=26 meV and
T.=87 K. As found in Fig. 5, the temperature
dependence of the gap is qualitatively consis-
tent with the BCS theory. However, this does
not exclude necessarily the d-wave paring, be-
cause the temperature dependence of the gap
parameter calculated® for the d-wave symme-
try with weak-coupling limit is similar to the
BCS prediction. Both s and d-wave symmetry
are allowed from the present result. For
strong-coupling superconductors, e.g. lead,
the temperature dependence of the gap is
known to be raised slightly from the BCS
curve in higher temperature region just below
T.. This deviation from the BCS curve is,
however, very small (at most about a few
percent).*”> Accordingly, our present result
does not contradict to the picture that
Bi,Sr,CaCu,0s is a strong-coupling supercon-
ductor.
4.1.3 Tip distance dependence of the tunnel-
ing conductance

Figure 6 shows dI/dV—V curves obtained
with varying the tip distance at a fixed position
of the cleaved Bi-O surface at 4.2 K.%** The
distance between the tip and the sample is
denoted by the initial tunneling current J,=3,
6, 8 and 10 nA for V,=150 mV, which is far
larger than the superconducting energy gap.
With increasing I, the tip distance is reduced
as described in §2.1. Each curve is normalized
at V=30mV. In each dI/dV—V curve a
sharp drop of conductance is found and
dI/dV reaches to almost zero around zero bias
voltage, showing the superconducting energy
gap structure. However, the d7/dV—V curve
varies strongly with respect to the tip distance
in the outside region of the gap. In the curve at
I,=10nA, for which the tip distance is the
smallest in the present experiment, the essen-
tial feature of the BCS density of states is
reproduced as shown in Fig. 6. With increas-
ing the tip distance the normalized differential
conductance outside the gap is strongly en-
hanced and has a positive slope for positive
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Fig. 6. dI/dV—V curve for the tunneling at the
cleaved surface at various tip distances at 4.2 K. The
tip distance is denoted by I, as described in the text.
Curves for I,=3, 6, 8 and 10 nA at V;,=150mV are
shown together, normalized at 30 mV.

bias voltage. The slope becomes steeper with
increasing the tip distance. On the other hand,
the dI/dV— V curve is rather insensitive to the
tip distance at the midgap region. These behav-
iors are qualitatively similar to those reported
by Hasegawa et al.”” The differential conduc-
tance at the cleaved surface does not represent
correctly the density of states of the sample.

In order to investigate whether such a
phenomenon is due to the intrinsic nature of
the STM measurement and check the opera-
tion of our STM apparatus, we measured
dI/dV—V curves for a typical conventional
superconductor, lead, with varying the tip dis-
tance. Figure 7 shows dI/dV—V curves of
bulk lead for several different tip distances,
corresponding to the initial current 7,=35, 7, 8
and 10 nA at V,=20 mV. Each curve is drawn
being shifted by one division. Although the
differential conductance near zero bias voltage
is slightly enhanced because of high reduced
temperature 7/ T.=0.6, the dI/dV—V curve
is clearly BCS like and shows no dependence
of the tip distance. It was confirmed that in the
STM method the differential conductance
gives the electronic density of states of lead di-
rectly, irrespective of the tip distance. We have
also proven the reliability of our apparatus at
the same time.
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Fig. 7. dI/dV—V curve for lead at various tip dis-
tances at 4.2 K. Curves for [,=5, 7, 8 and 10 nA at
Vy=20 mV are shown. The zero conductance of each
curve is shifted by one division for clarity.

As discussed in §2.1, the tunneling current
is given as eq. (3). The tip distance dependent
dI/dV—V curve shown in Fig. 6 suggests that
in the tunneling at the cleaved Bi-O surface
the tunneling transition matrix element M
depends on the electron energy and its depen-
dence vary with the tip distance. The energy de-
pendence of the tunneling matrix element ap-
pears to become stronger with increasing the
tip distance. The differential conductance is no
longer proportional to the electronic density
of states of the sample for the tunneling at the
cleaved Bi-O surface. One must, therefore, dis-
cuss tunneling results at the Bi-O surface with
great care, as pointed out by Hasegawa et al.?”
We attribute the tip distance dependent con-
ductance curve at the cleaved surface to the
structure of this material. As well as
Bi,Sr,CaCu,0s, cuprate superconducting
oxides have the layered crystal structure. For
Bi,Sr,CaCu,Oq sheets of Ca, Cu-O, Sr-O and
Bi-O are stacked alternatively. For high-T,
superconducting oxides, it is accepted that
metallic electronic states, which bear the super-
conductivity, are confined within the Cu-O
layer. Particularly, for Bi-based -cuprate
-oxides two dimensionality of the electronic
band is higher than other high-T. oxides. The
electronic behavior in the Bi-O layer is rather
semiconducting. Even for the tunneling meas-
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ured at the cleaved surface, the tunneling elec-
tron appears to be coming mainly from the
electronic state in the Cu-O layer for low bias
region, because available states are only in the
Cu-O layer. The characteristic superconduct-
ing gap structure in each curve as shown in
Fig. 6 well supports the above picture. In this
configuration, therefore, the electron tunnel-
ing occurs through series tunneling barriers,
i.e. Bi-O, Sr-O layers and the vacuum gap.
The allowed electronic level is different in
energy among these barriers. The width of
each barrier is comparable to the inverse of
the wave number of tunneling electron. The in-
crease of the tip distance corresponds to widen-
ing of the vacuum gap. It is presumed that the
energy dependence of the tunneling matrix ele-
ment for the tunneling process is strongly
modified by such a complicated interface bar-
rier structure.

Muldoon et al.*? have reported the electron
tunneling experiment between aluminum and
lead through the tunneling barrier which con-
sists of aluminum-oxide and some kinds of
organic molecules. They found that the non-
linear tunneling I-V curve is very sensitive to
the kind of organic molecule and explained it
by the model calculation of the tunneling cur-
rent assuming the elastic tunneling through
two barriers in series, which are different in
height and width. Our present configuration
of tunneling barrier at the Bi-O surface is simi-
lar to that of Muldoon ef al. Our results for
the tip distance dependence might be ex-
plained in terms of series tunneling barriers. It
is naturally expected from such a model that
the energy dependence of the transition
probability is weak near zero bias voltage. It is
understood from such a situation that with in-
creasing the tip distance the normalized
dI/dV—V curve is varied significantly at high
bias voltage region, while it is almost un-
changed at low bias voltage region (leV| <A4).

We should also point out the possibility of
the inelastic scattering of electron in Bi-O or
Sr-O layer. If the tunneling electron is scat-
tered by excitations in tunneling barriers, the
inelastic tunneling process becomes im-
portant. Then the dI/dV—V curve is
modified according to the spectra of excita-
tions. Although the inelastic tunneling does
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not explain the tip distance dependent
dI/dV—V curve by itself, the possibility that
the inelastic electron tunneling modifies the
dI/dV—V curve in the present experiment,
can not be excluded.

Such a property of the electron tunneling,
which is sensitive to the barrier structure, may
also explain existing controversial tunneling ex-
periments for cuprate superconductors, whose
dI/dV—V curves show frequently so-called
V-shape and are roughly similar to that. In the
case of far tip distance in the present experi-
ment. It is deduced that in these experiments
the structure of the tunneling gap was not con-
trolled microscopically, because of the layered
structure of these materials. Accordingly, it is
not appropriate to discuss the detailed func-
tional shape of the density of states with such
data. We present the tunneling conductance
free from such ambiguity measured at the
lateral surface in following sections.

4.2 Tunneling at the lateral surface
4.2.1 Tunneling conductance without tip dis-
tance dependence

As described in §4.1.3, we could not obtain
the correct electronic density of states at the
cleaved surface because of the layered struc-
ture of cuprate superconductors. We expect
that the electronic density of states would be
obtained correctly at the lateral surface perpen-
dicular to the cleaved surface, because in this
configuration the tip and the Cu-O layer is
separated only by a vacuum gap as in the case
of lead. As mentioned in §3.1, the extremely
clean lateral surface is rarely obtained. We car-
ried out the tunneling spectroscopic measure-
ment in such a lateral surface. Figure 8 shows
dI/dV—V curves obtained at the fixed posi-
tion of the lateral surface with varying the tip
distance. We investigated the dI/dV— ¥V curve
at different positions, but we could not find
any spatial variation of the dI/dV—V curve
on an atomic scale. We obtained essentially
the identical curve in every measured posi-
tions. In Fig. 8, four curves for different tip
distances, corresponding to the initial current
I,=2, 4, 8 and 20nA at V,=200mV, are
shown together, normalized at V=25 mV. We
find that the normalized d7/dV—V curve is
identical irrespective of the tip distance at the
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Fig. 8. dI/dV—V curve for the tunneling at the lat-

eral surface at various tip distances at 4.2 K. Curves
for I,=2, 4, 8 and 20 nA at ¥;,=200 mV are shown
together. All curves are identical irrespective of the
tip distance.

entire region of applied voltage shown in Fig.
8, in contrast with the case of the cleaved sur-
face. The differential conductance is reduced
to almost zero and flat around zero bias volt-
age. With increasing the bias voltage, the
dI/dV—V curve shows a relatively sharp peak
and becomes almost flat for far higher volt-
age. In this manner, the curve of dI/dV—V
measured at the lateral surface well character-
izes the gap structure of superconductor.

It is expected that Cu-O, Bi-O and other lay-
ers come out periodically in the lateral surface
of Bi,Sr,CaCu,0s. The spatial period is esti-
mated to be larger than 1.5 nm, half length of
unit distance of the c-axis, if we take into ac-
count the slight inclination of the lateral sur-
face. We can accordingly approach to each
layer alternatively with scanning the tip.
However, we could obtain only the identical
dI/dV—V curve in every measured point of
the lateral surface. Metallic electrons are likely
confined within the Cu-O layer. In the range
of voltage sweep in the present experiment,
the electron tunneling occurs almost through
electronic states in the Cu-O layer, because
there is little available electronic level in other
layers. It is deduced that even if the tip is
closest to the Bi~O layer, the tunneling current
flows obliquely between the Cu-O layer and
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the tip metal. Under these circumstances, we
could obtain only the identical dI/dV—V
curve irrespective of the tip position in the
lateral surface.

The Cu-O layer and the tip are separated
only by a vacuum gap in this configuration as
in the case of lead. It is naturally expected that
the tunneling matrix element is nearly indepen-
dent of the electron energy. The electronic den-
sity of states for the superconducting phase in
this material is, accordingly, proportional to
the differential conductance observed at the
lateral surface. Our obtained spectra at the
lateral surface are the first data appropriate
for discussions about intrinsic properties of
superconductivity. The density of states ob-
tained at the lateral surface is discussed in de-
tail in following sections.

4.2.2 Fit of the conductance to the BCS
form

Figures 9(a) and 9(b) show the typical tun-
neling conductance at different positions in the
sample surface. The essential behavior at low
energy region described below is reproduced
at different positions. As shown ‘in Figs. 9(a)
and 9(b), the sharp drop of the conductance
corresponding to the energy gap structure and
the enhancement at the gap edge are clearly
seen in the electronic density of states for the
superconducting phase. The whole shape is
alike the BCS density of states. The conduc-
tance near zero bias voltage is reduced to
about 0.5nS. In our measuring system the
background leak of the order of 0.2 nS is usu-
ally observed. If we take into account this
background leak, it is understood that the con-
ductance vanishes and is flat near zero bias
voltage within experimental errors. If we as-
sume the conductance curve for the normal
phase by a smooth interpolation from high
bias voltage regions, the area of digged gap
region below the interpolation curve and that
of enhanced peaks above the curve are almost
equal as shown by hatched areas in Fig. 9(a).
The number of states is conserved for the tran-
sition from the normal to the superconducting
phase. This fact assures again that dI/dV—V
curves obtained at the lateral surface give the
correct electronic density of states unambigu-
ously.

Here, we try to estimate the gap parameter.
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Fig. 9(a). dI/dV—V curve for the tunneling at the
lateral surface at 4.2 K. Four raw data are accumu-
lated for the improvement of the signal to noise ratio.
The broken curve represents the assumed normal
state conductance as the smooth interpolation. The
number of states is conserved between the normal
and the superconducting phase, as shown by hatched
areas.
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Fig. 9(b). dI/dV—V curves for the tunneling at the
lateral surface taken at four different positions. The
zero conductance line is shifted by two divisions for
clarity.
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Fig. 10. Fitting of the data shown in Fig. 9(a) to the
broadened BCS density of states. The thin dotted
curve shows eq. (9) with 4=26 meV and I'=3 meV.

It is apparent that the BCS curve does not give
a good agreement with the present data. For
better fitting, we introduce the broadening of
electronic level. In order to take into account
the lifetime broadening, we use the broadened
BCS density of states®? with the gap
parameter 4 and the broadening parameter I
described as

E—il’
{(E—ir)*—a*}'?

Ns(E)=Re N, 9
where the electronic density of states for the
normal phase Ny is supposed to be almost con-
stant near the Fermi level. In Fig. 10, the curve
of eq. (9) with A=26 meV and I'=3 meV is
shown together with the present conductance
curve. A divergence at the gap edge in the BCS
density of states is smeared by a small broaden-
ing parameter /. However, the agreement is in-
sufficient as shown in Fig. 10. The detailed fit-
ting of the dZ/dV— V curve is discussed in the
following section. Here we use eq. (9) only for
the estimation of the gap parameter, which is
compared with other reported values. From
the fit in Fig. 10, 4 is estimated as 26 meV at
4.2 K in assuming an isotropic gap. This value

N(E)OCS da’ S dkdQk20(E—(e2+4'%)%) (A" —A(k)),
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of A at 4.2 K corresponds to 24 /kT.=7 for
T.=87 K. Our present value of 7 is in agree-
ment with reported values for 2A4/kT. in
Bi,Sr,CaCu,0s,%” which are in the range 6 to
11. The value of 24/kT.=7 is much larger
than the BCS value of 3.52 in the weak-
coupling limit. It is even larger than that of
well-known strong-coupling superconductors;
e.g. 24/kT.=4.3 and 4.6 for Pb' and Hg,?®
respectively. A large value of 24/kT, indi-
cates that Bi,Sr,CaCu,Os is a strong-coupling
superconductor. However, the absolute magni-
tude of 24/ kT, should be discussed in connec-
tion with the gap anisotropy which is de-
scribed in the following section.
4.2.3 Anisotropy of the gap

The obtained electronic density of states in-
dicates a finite gap. However, it can not be fit-
ted by the BCS density of states, in which an
isotropic gap is assumed. Such a disagreement
would be explained by an anisotropy of the
gap. We discuss the shape of the dI/dV—V
curve from the view point of an anisotropic
gap below. In the case of isotropic supercon-
ducting gap, the constant gap parameter A4
gives the BCS density of states. On the other
hand, in the anisotropic gap case, the ampli-
tude of A4 varies in k-space. As a result, finite
density of states appears at midgap region. We
consider two kinds of anisotropic gaps; one is
the case in which 4 vanishes somewhere in k-
space and another is the non-vanishing case.

Before investigating individual models, we
define the gap density function D(4). The elec-
tronic density of states N(E) is generally given
as

N(E)=§ O(E—E(k)), (10

where E (k) is the quasi-particle energy and de-
scribed as
E (k)= (eix+4% (k)2 an

where & is the one-electron energy at the nor-
mal phase measured from the Fermi energy.
Equation (10) is rewritten as

(12)
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where the k-summation is replaced by the in-
tegral over k= | k| and its solid angle Q2 and an
unimportant numerical factor is ignored in the
equation. The precise energy dependence of
N(E) depends on both the band dispersion
and k-dependent A(k). For the sake of simplic-
ity, we assume that the band dispersion is
isotropic and 4 depends only on the direction
in k-space. Such a simplification does not
change the essential property discussed below.
The integral over Q can be performed indepen-

Edkkzé(E—(s,anA )12

where N(0) denotes the density of states at the
Fermi level for the normal phase. After all,
the density of states is written as

N(E)
N(0)

where the prime is omitted without confusion.
Although there are several calculations of the
electronic density of states for ‘an anisotropic
gap,®* we discuss our results on the above
simple model. Because of the simplification,
eq. (16) reveals the essential behavior only at
low energy region.

First we discuss the case in which 4 vanishes
somewhere on the Fermi surface. As described
in §1, the pair wave function of high-7. super-
conductor is of the spin singlet state. There-
fore, the orbital part of the pair wave function
must be of even parity. Then the s and d-wave
paring are candidates and the p-wave paring is
not allowed. Most simply, the gap anisotropy
could be originated from the d-wave paring. It
is well established that the superconductivity
occurs in the nearly square lattice of the Cu-O
layer. Accordingly, the mixing of different d-
waves is energetically unfavorable. As a result,
the gap with d-wave symmetry can vanish
along lines on the Fermi surface, as far as we
consider the on-site and the nearest neighbor
interaction. The gap with point nodes ex-
pected from the mixture of two d-waves is ex-
cluded.

We examine the line nodes model, where 4
is described as

=§D(A)-—£—dz1

(EZ__AZ)I/Z ’ (16)
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dently. The gap density function D(A4’) is de-
fined as
ASdQé(A’—A (k)=D(4"). 13)
The numerical factor A4 is chosen as satisfying
the following normalization condition as
SD(A’)dA’Zl. (14)
After the integral over k, assuming the moder-
ate dispersion, we obtain the BCS form as

N(0), (15)

E
(EZ_A I2)1/2

A=A, cos 2¢, a7

where 4, is the maximum value of 4 and ¢ is
the azimuth. Here, 4 depends only on ¢ and
vanishes along lines ¢=n/4, 3n/4, 5n/4 and
Tn/4. According to eq. (13), D(4) is calcu-
lated for |41 <4, as

D(A)=—1<%>‘1
7T\ 09/ s=s5c0526
As a result, D(4) is obtained as
2
D()=| n(45-4*)"
0 for

(18)

for |4l<4,

[Al>A4,.
19
Substituting this in eq. (16),

N(E)_Er 2 1 A
N@O o n(A5—aY)" (B —aH)'P T
(20)

For low energy region,

N(E) E
———oc— 1)

N@©) 4,

This relation gives the general feature of the
gap with line nodes A, where the electronic
density of states is proportional to E for low
energy.

As discussed in §2.1, for the tunneling proc-
ess in the STM method the wave number is not
conserved because the area through which the
tunneling occurs is restricted at most few
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Fig. 11. Fitting of the data shown in Fig. 9(a) to the

line nodes model. The thin dotted curve shows the
density of states for the line nodes model described as
eq. (20) with 4,=29 meV.

1
D(A): Amax_Amin
0 for

for

where A and Ay, denote minimum and max-
imum of the positive gap value, respectively.
The mean value of A4, is given by
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Fig. 12. Fitting of the data shown in Fig. 9(a) to the
model of rectangular D(A4). The thin dotted curve
shows the density of states described as egs. (16) and
(22) with 4,=21 meV and W=0.5 4,.

0= (4] <Amina IAI>Amaxa
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atoms. No matter which direction against the
crystalline axis the tunneling occurs, every
wave number components contribute to the
tunneling conductance. Therefore, we can
properly compare the tunneling result with the
total density of states N(E') calculated above.
It is obvious that the line nodes model does
not agree with the present data as shown in
Fig. 11. It does not explain the flat conduc-
tance at low energy region in the present data.
It is natural if one remember that the gap with
line nodes gives linear density of states to
energy. It is clear that the pairing with the
pure d-wave symmetry is not formed in this su-
perconductivity.

Next we consider the case of the anisotropic
gap where A depends on k but is finite every-
where on the Fermi surface. We introduce the
rectangular gap density function D(4) as,

Apin=< 14| = A pax

(22)

A1=(Amin+Anax)/2. The half of the width is
given by W=(Amax—Amin)/2. This width is
coming from the anisotropic gap dependent
on the direction in k-space.

In Fig. 12, the fit by the present model with
A1=21 meV and W=0.54, is shown together
with the experimental result. The flat bottom
near zero bias voltage is satisfactorily repro-
duced by the present model of the anisotropic
gap. This indicates that in the superconduct-
ing phase of this material the gap is finite every-
where on the Fermi surface, while a considera-
ble anisotropy of the gap also exist. The
symmetry of the gap is discussed in §5.

The minimum value of the gap is estimated
as A;— W=10 meV from the fitting. The mean
value 4, is obtained as 4,=21 meV and cor-
responds to 24,/kT.=5.6. The value of
24,/ kT.=5.6 suggests again that
Bi,Sr,CaCu,0s is a strong-coupling supercon-
ductor, although it is not obvious which 4
value should be used in such an anisotropic
gap case.
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4.3 Temperature dependence of the mag-
netic field penetration depth

Figure 13 shows the temperature depen-
dence of the real part x’ of AC susceptibility
x=x'+iy” of the sample with a dimension of
0.85%2.6x0.076 mm®. The value of x’ is
calibrated by the perfect diamagnetism of simi-
lar shaped lead thin plate measured at 1.3 K,
in which the magnetic field penetration is
negligible because of the short penetration
depth 1(0)=39 nm.*® Owing to the error in
measuring the thickness of the sample, the ab-
solute value of y’ contains relatively large er-
ror about 10-20% and A as well. However, we
are interested only in the temperature depen-
dence not in the absolute magnitude of 1. As
shown in Fig. 13, —4x’(T) is almost constant
at low temperature and gradually decreases
with increasing temperature. It rapidly
decreases near T. and vanishes at 89 K, which
is roughly equal to 7.=87 K determined from
the midpoint of resistive transition. The imagi-
nary part x ” is detectable only below a few kel-
vin from 89 K. Almost full Meissner fraction
is observed at 4.2 K. This indicates that the
present sample undergoes a bulk superconduct-
ing transition.

In Fig. 14, A(T)—A(4.2K), which is led
from x’(T") shown in Fig. 13, is plotted as a
function of (T/T.)?. Here, we assumed that
the field penetration is dominant in the perpen-
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Fig. 13. Temperature dependence of the real part x’

of AC susceptibility of a single crystal of
Bi, Sr,CaCu,Os.
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Fig. 14. Temperature dependence of the penetration
depth A(T)—A(4.2K) as a function of (7/T,)* The
solid curve represents the BCS dirty local limit de-
scribed as eq. (23) with 1(0)=4 um.

dicular direction to the plate. However, the
field penetration along to the a-b plane can not
be excluded, because of the high two dimen-
sionality in electronic states of this material.
Owing to this ambiguity, we do not discuss the
absolute magnitude of A but only its tempera-
ture dependence, which represents the essen-
tial feature of the superconducting phase and
is independent of the direction of the field
penetration. The theoretical curve of the BCS
dirty local limit A.s described as,

Aet(T) [A (1) A(T)
1a© |20 P 2kT

with fitting parameter A(0)=4 um is also
shown together in the figure. Here we assume
that A(T) follows the BCS prediction with
A40)=1.76 kT.=14 meV of the BCS weak-
coupling limit. In whole temperature region,
observed A(T') is almost consistent with the
dirty local limit. We are interested in the tem-
perature dependence of A at low temperature
region where the low energy excitation is well
reflected. Figure 15 shows enlarged A(T)
—21(4.2K) versus (T/T.)? in low temperature
region. The dirty local limit with A(0)=6 um
and 4(0)=14 meV gives a better fit in low tem-
perature region as shown in the figure. The
temperature dependence of A(7)—A(4.2K)

—1/2
] , (23
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Fig. 15. Enlargement of Fig. 14 at low temperature.
The solid curve represents the BCS dirty local limit
described as eq. (23) with 1(0)=6 um.

does not have any finite slope at low tempera-
ture region. The temperature dependence of
A(T)—A(4.2 K) is described by the thermal acti-
vated behavior not by the power law. This fact
indicates the finite gap on the Fermi surface
and reconfirms the result of the tunneling spec-
troscopy discussed in §4.2.3. The gap value
A(0)=14 meV estimated from the fitting, is
consistent with the minimum gap value of
Ai—W=10meV obtained by the tunneling
measurement described in §4.2.3.

Our present result is consistent with that ob-
tained by Harshman et al.>® on the single crys-
tal of Bi,Sr,CaCu,0Os by the uSR measure-
ment. Maeda et al.*® reported that A1 (T)—1(0),
measured by the rf-resonance method, ex-
hibits 72 dependence in Bi,Sr,CaCu,0s. We
do not know the source of such 7? depend-
ence. We only deduce that the 7* dependence
observed by Maeda et al. is originated from
other mechanism than the anisotropic gap
with nodes. Our result is also consistent with
those on single crystals of YBa,Cu;0O,'V by the
low-field DC magnetization measurement and
thin film of YBa,Cu;0;® by the AC induc-
tance method. It is interesting that the same
result is obtained commonly among different
materials. It is understood to be the intrinsic
nature in high-7, cuprate superconductors
that the gap is finite on the Fermi surface.
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§5. Symmetry of the Pair Wave Function

Our tunneling spectroscopic measurement
described in §4.2 shows that the gap is finite
everywhere on the Fermi surface while the con-
siderable gap anisotropy exists at the same
time. The temperature dependence of the
penetration depth described in §4.3 reinforces
the finite gap. These experimental results indi-
cate that the symmetry in the pair wave func-
tion is predominantly of the isotropic s-wave.
However, these are not explained only by the
isotropic s-wave, because our tunneling result
clearly shows an anisotropy of the gap. It is un-
derstood that the attractive interaction is not
given only by the on-site interaction. We need
to introduce the extended interaction. If we
consider the small distortion of the square lat-
tice, we cannot distinguish rigorously the s-
wave from the d-wave. However, it is still im-
portant for the clarification of the origin of
superconductivity to specify the pairing sym-
metry in the nearly square lattice. The ex-
tended s-wave could give the gap anisotropy.
Most simply, the gap is described for the ex-
tended s-wave in the square lattice with the lat-
tice constant a as,

A(k)=A4¢+A4,(cos (kra)+cos (kya)) (24)

where 4, is the isotropic gap component and
A, is the amplitude of additional anisotropic
term coming from the nearest neighbor interac-
tion. Although the gap is k-dependent as
represented by eq. (24), the estimated gap
anisotropy does not become large, because
the electronic band dispersion for the square
lattice has the same k-dependence as the
anisotropic component of 4 in the lowest or-
der. It is difficult to explain the observed large
anisotropy only by the extended s-wave. Ac-
cordingly, our present result suggests the con-
tribution of d-wave component in the pair
wave function. It is deduced that the pair wave
function has the symmetry of the mixture of s
and d-wave. However, it is open problem how
the s-wave can be mixed with a considerable
amount of d-wave in the nearly square lattice.

Shen et al.*® performed angle-resolved pho-
toemission spectroscopy (ARPES) on single
crystals of Bi,Sr,CaCu,0; and obtained spec-
tra at various points in the Brillouin zone.
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They observed k& dependent gap parameter
and claimed that the gap disappears along 7-Y
direction. Their result is qualitatively consis-
tent with our tunneling result with respect to
the gap anisotropy. However, the resolution
of the photoemission spectroscopic experi-
ment is not enough to determine a small gap
precisely. Our result that the gap is finite over
whole Fermi surface is more reliable, because
the tunneling experiment has a sufficient reso-
lution. The NMR Knight shift, which is sensi-
tive to the quasi-particle excitation at low
energy region, was measured by Barret et al.*”
It was reported that the temperature depen-
dence of the Knight shift was presumably ex-
plained by the s-wave pairing, although they
pointed out the possibility of the d-wave pair-
ing at the same time. The temperature depen-
dence of the nuclear relaxation rate 1/7;*®
showed no coherence peak and was not ther-
mally activation type in low temperature.
These behaviors were discussed by the d-wave
pairing. However, Koyama et al.*® reported
that even if the s-wave symmetry is assumed,
the spin fluctuation due to the strong correla-
tion effect of electron scatters quasi-particle.
As a consequence the enhancement of 1/T;
just below T is suppressed. The absence of the
coherence peak of the nuclear relaxation rate
does not exclude the s-wave pairing.
Moreover, non-thermally activation behavior
of 1/ T, does not necessarily indicate the gap
with nodes, because extra relaxation mechan-
isms, e.g. due to magnetic impurities, can
easily smear the thermally activation behavior
in low temperature. Accordingly, these results
obtained by other experiments are not inconsis-
tent with our present conclusion that the sym-
metry of the pair wave function is the mixture
of s and d-wave. Kotliar®” discussed that in
the mixed order parameter of s and d-wave, if
the relative phase between s and d-wave order
parameter is chosen as 7/2, i.e. s+id, the or-
der parameter do not vanish. Such a pairing is
also possible from our present result.

In high-T, superconductors, it is accepted
that the on-site Coulomb interaction in the
Cu-O layer is fairly large.” Therefore, it is sus-
pected that the on-site attractive force between
electrons does not become large enough to
mediate the electron pairing in such a strong
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correlation system. However, our present
result indicates that the attractive interaction
in cuprate high-T. superconductors has large
isotropic component. Naively, the isotropic at-
tractive interaction is the on-site one. It is still
open problem how the on-site attractive force
overcome the strong correlation. On the other
hand, our present result of the anisotropic gap
shows a considerable d-wave component in
the pair wave function. The attractive force be-
tween electrons is not only due to the on-site in-
teraction, but also the extended one.

§6. Summary

The electron tunneling study was performed
on Bi,Sr,CaCu,Os with use of the STM. Both
the cleaved and lateral surface of single crystal
were investigated. For the tunneling at the
cleaved surface, the spatial variation of the
gap parameter was found. The tip distance de-
pendent conductance curve was obtained and
attributed to the tunneling gap structure com-
ing from the layered crystal structure of
cuprate high-T oxides. The tunneling conduc-
tance at the cleaved surface is no longer
proportional to the electronic density of
states. On the other hand, for the tunneling at
the lateral surface we succeeded to obtain the
correct electronic density of states. From the
shape of the conductance curve, it is under-
stood that the gap is finite everywhere on the
Fermi surface and its minimum value is esti-
mated as Apy=10meV while the gap has a
considerable anisotropy. The temperature de-
pendence of the penetration depth A(7") was
also obtained. It showed the behavior of ther-
mal activation type indicating the finite gap on
the Fermi surface. This reconfirms the tunnel-
ing result. The gap value estimated from A(7T")
is almost consistent with the minimum value
obtained from the tunneling spectroscopy.

Completely opened gap indicates a large
s-wave component in the pair wave function.
Superconductivity in cuprate high-7. super-
conductors is mainly brought about by the
isotropic attractive interaction between elec-
trons. On the other hand, the anisotropy of
gap shows a considerable contribution of d-
wave. It is deduced that the symmetry of the
pair wave function is the mixture of s and d-
wave. The attractive force which forms the



3678

electron pair is not only due to the on-site at-
tractive interaction, but also the extended one.
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